Oncogene-associated metabolic signatures in prostate cancer, identified by an integrative analysis of cultured cells and murine and human tumors, suggest that AKT activation results in a glycolytic phenotype whereas MYC induces aberrant lipid metabolism. Heterogeneity in human tumors makes this simplistic interpretation obtained from experimental models more challenging. Metabolic reprogramming as a function of distinct molecular aberrations has major diagnostic and therapeutic implications.
Emerging technologies offer opportunities to integrate high-throughput information from the genome, the transcriptome, and the proteome. More recently, metabolomics has also been expanding in scope, from its primary use in toxicology and microbiology to a new diagnostic role in cancer and other diseases. 1, 2 The concept that tumor cells undergo metabolic reprogramming is not novel. Warburg first discovered that cancer cells preferentially use aerobic glycolysis, reducing pyruvate into lactate in the presence of oxygen. 3 However, human tumors are metabolically heterogeneous. Driver oncogenes in cancer cells use both oxidative metabolism and aerobic glycolysis for cell survival and growth. AKT and MYC, arguably the most prevalent driving oncogenes in prostate cancer, have been linked to glycolytic metabolism in previous studies. Interestingly, a differential metabolic fingerprint was identified in this Priority Report published in Cancer Research, 4 associating activation of AKT1 with accumulation of aerobic glycolysis metabolites and overexpression of MYC with dysregulated lipid metabolism (Fig. 1) .
Prostate cancer does not always show the classic "glycolytic switch" seen in the majority of other solid tumors, and therefore is not always detectable with 18-fluorodeoxyglucose positron emission tomography (FDG-PET). Instead, an aberrant increase in de novo lipogenesis from glucose and glutamine is observed in the early stages of the disease, and is associated with tumor progression and shorter survival. 5 MYC is frequently amplified in the late stages of prostate cancer, but is also overexpressed in the absence of a genetic lesion. 6 Priolo et al. showed that MYCdriven cell lines and murine prostates are associated with deregulated lipid metabolism. However, the human data in this study showed metabolic heterogeneity in addition to genetic and signaling pathway heterogeneity. For example, the "pre-existing" metabolic state of normal prostate tissue seems to modulate metabolic reprogramming in tumors. Interestingly, whereas AKT1 activation in nontransformed prostate epithelial cells (human and mouse) induces an aerobic glycolytic signature, MYC-high tumors have a negative enrichment of glycolysis compared to adjacent benign prostate tissue. Lactate is not increased in phosphoAKT1-high tumors relative to normal prostate, yet it is significantly elevated compared to MYC-high tumors. In addition, high MYC expression in a phosphoAKT1-low context in human tumors is associated with decreased mRNA expression of the glucose transporter-1 (GLUT-1). 4 MYC is known to induce aerobic glycolysis in certain preclinical models. However, although in our study metabolites of glycolysis were induced by acute overexpression of MYC in vitro, this aberration was not confirmed in transgenic mouse prostate (Lo-MYC) or MYC-high prostate tumors. It is tempting to speculate that MYC-driven tumors may rely more heavily on lipid metabolism. These findings suggest that the metabolic state in normal prostate tissue may play a role in modulating metabolic reprogramming by different oncogenes in transformed tissue.
Interestingly, both AKT1 and MYC induce expression of fatty acid synthase (FASN), which also plays an oncogenic role in prostate cancer, 7 and levels of this enzymes are increased in nearly all prostate tumors relative to normal tissue. FASN could represent a common denominator of the 2 metabolic signatures, requiring a higher flux of glucose and/or glutamine to ultimately generate acetyl CoA, which is necessary for de novo lipogenesis.
Validation of untargeted metabolomics by quantitative assays for selected metabolites 4 provides a valuable proof of concept for future large studies aimed at identifying biomarkers in human samples. In addition, the assessment of metabolite profiles in human sera, particularly through pathway analysis, could allow investigators to infer the genetic alterations driving prostate cancer, especially in the metastatic setting. Finally, metabolic profiling can guide the use of radiochemistry for in vivo imaging (e.g.,
11
C-acetate in lipogenic MYC-driven tumors).
Of note, metabolite levels do not necessarily reflect changes in expression levels of the enzymes that use them or generate them. Therefore, because the regulation of metabolism is complex, gene or protein expression of metabolic enzymes should be considered in conjunction with metabolic profiling in order to more accurately define metabolic aberrations in heterogeneous human tumors.
Conclusions and Perspectives
This study has several potential translational applications. Alterations of certain metabolic pathways in prostate tumors could be used diagnostically to infer the molecular phenotype of the tumor, or to monitor patients whose tumors have an established molecular profile. This is particularly important in a disease such as prostate cancer, in which metastatic disease in bone is not routinely biopsied. Furthermore, these results could lead to the discovery of radiopharmaceuticals to image prostate cancer patients noninvasively. Finally, enzymes in these metabolic pathways could represent therapeutic targets for prostate tumors that are addicted to the putative driving oncogenes. Thus, metabolic reprogramming as a function of distinct molecular aberrations can have major diagnostic and therapeutic implications.
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No potential conflicts of interest were disclosed. Figure 1 . Identification of oncogene-specific signatures in prostate cancer by metabolomics. Activation of AKT1 signaling in prostate tumors results in the accumulation of intermediates and end products of glucose metabolism, whereas high MYC expression is associated with significantly increased levels of free fatty acids and glycerophospholipid metabolism intermediates. Selected lipids (oleic, arachidonic, and docosahexaenoic acids) were validated by quantitative mass spectrometry assays.
